
AD-AO92 383 NATIONAL AERONAUTICS AND SPACE ADMINISTRATION CLEVEL--ETC FIG 21/5
OFF-DESIGN PERFORMANCE LOSS MODEL FOR RADIAL TURBINES WITH PIVO-ETC(Ul

NO O PL MEITNER, A J GLASSMAN

UNCLASSIFIED NASA!E-455 NASA-TP-1708 N

FEmuuuN.bu



ctq

-A-

i. 44 -

I- ~-;'"Z,



NASA P-LtAVRADC6M
-TeFiiica--iaper (1708 Technical keport 80-C-13

r-8

6 "Off-Design Performance Loss ---

Model for Radial Turbines With
Pivoting, Variable-Area Stators.

,9

0J Peter L. Meitner j
Propulsion Laboratory
A VRADCOM Resear and Technology Laboratories
Lewis Research Center
Cleveland, Ohio

/Arthur ). lassma n)
Lewis Research enter
Cleveland, Ohio

National Aeronautics
and Space Administration

Scientific and Technical
Information Branch

Appove publ c i

Distributon UnDmitod

.. . . . . . . . . . . .... . .. . . .. .. . .. . . .-r l I . .. . . . . . . .



Summary of power settings. The radial turbine with a variable-
area stator can operate over a broad flow range at

An off-design performance loss model for a radial nearly constant pressure ratio, temperature, and
turbine with pivoting, variable-area stators was speed. If this can be accomplished at high efficiency,
developed through a combination of analytical the turbine can contribute to high engine
modeling and analysis of experimental data. A performance over the entire operating range.
viscous loss model is used for the variation in stator However, the stator-area variation as well as the
loss with setting angle. Stator vane end-clearance associated vane end-clearances affect turbine
leakage effects are predicted by a proposed performance, and these effects must be known for
clearance-flow model. Rotor loss coefficients were proper prediction of engine performance.
obtained for a turbine rotor previously tested (at NASA has developed loss models and computer
constant speed) with six stators having throat areas programs for predicting the design (ref. 1) and off-
from 20 to 144 percent of design area. For each of design (ref. 2) performance of radial turbines. The
these six configurations, an off-design performance stator-area-variation and vane end-clearance effects,
analysis was made to determine the value of rotor however, are not included in the loss models used for
loss coefficient that caused the calculated total these programs. Reference 3 presents experimental
efficiency at the zero-incidence operating point to performance data obtained by testing three rotors
match the experimental value. An incidence loss having throat areas varying from 53 to 137 percent of
model was selected to obtain best agreement with design area with six stators having throat areas
experimental data. varying from 20 to 144 percent of design. Separate

The rotor loss coefficients were correlated as a stator rings with no vane end-clearance were used for
function of stator-to-rotor throat area ratio. For area these tests; thus these experimental results show the
ratios above 0.6, rotor loss coefficient remained effects of stator area-variation but not the effects of
constant. As area ratio decreased below 0.5, rotor vane end-clearance. This report uses the data of
loss coefficient increased rapidly. reference 3 in conjunction with analytical modeling

The calculated flows and efficiencies were to develop an off-design performance loss model for
compared with the experimental data (six stators at radial turbines with pivoting, variable-area stators.
design speed over a range of pressure ratio) used to This report presents the loss model and describes
derive the rotor loss coefficients and incidence loss the analysis used to obtain it. Stator losses were
exponents. Overall agreement was very good except varied according to the viscous loss model of
for the efficiency variation at 20 percent stator throat reference I. Rotor loss coefficients were determined
area. The same stators had also been tested with by analyzing the experimental data for one rotor
versions of the rotor having extended (53 percent operating with the six stators, and these coefficients
throat area) and cutback (137 percent throat area) were correlated as a function of stator-to-rotor
exducers. The derived loss model was used to throat area ratio. An incidence loss model was
calculate turbine performance for these rotors selected to obtain the best agreement with the
operating with the various stators, and agreement experimental data. Analytical prediction and
between calculated and experimental values was experimental test results were compared for all three
generally good. This good agreement substantiates rotors of reference 3 operating with the various
the validity of the derived correlation of rotor loss stators. A clearance-flow model is proposed to
coefficient with stator-to-rotor throat area ratio. account for the effects of stator vane end-clearance

The proposed clearance-flow model predicts leakage on performance, and sample calculations are
increased turbine mass flow and decreased total presented to show predicted results.
efficiency as a result of having stator vane end-
clearances. These changes become significantly larger
with decreasing stator area and vary nearly linearly
with clearance. Symbols

A area, m 2

Introduction AR stator-to-rotor throat area ratio
B blockage factor at stator exit, ratio of

For applications such as helicopter and automotive area inside blade passage to area outside
propulsion, an engine must operate over a wide range blade passage



C modifier, set equal to 1.0 Subscripts:
c stator-vane total clearance, m c clearance
i kinetic energy loss coefficient cr critical
H ideal work, J/kg IN incidence

h stator-vane passage height from hub to nc no clearance
shroud, m opt optimum

i incidence angle, deg (defined by eq. (19)) Pt p
K rotor loss coefficient R rotor

L kinetic energy loss, J/kg r radial component

I surface length, m refl reference
N rotative speed, rad/sec e refece
Ns specific speed, NQ"/2/H 31 4 , ttal

dimensionless t total

n incidence exponent u tangential component

PR stator total-pressure ratio (defined by 0 station at turbine inlet

eq. (2)) 1 station immediately upstream of stator

p absolute pressure, N/m 2  exit

Q volume flow rate, m 3 /sec; or critical 2 station immediately downstream of stator

velocity ratio function (defined by exit

eq. (7)) 2D two dimensional
Re Reynolds number based on stator-vane 3 station immediately upstream of rotor

chord inlet

r radius, m 3D three dimensional

s blade spacing at blade-row exit, m 4 station immediately upstream of rotor

t trailing-edge thickness, m exit

V absolute velocity, m/sec 5 station immediately downstream of rotor

W relative velocity, m/sec exit

w mass flow rate, kg/sec Superscript:
a fluid absolute flow angle measured from * U.S. standard sea-level conditions of

radial direction at stations 0, 1, 2, and 1.013 bars and 288.2 K
3 and from axial direction at stations
4 and 5, deg

fluid relative flow angle measured from Loss-Model Development
radial direction at stations 0, 1, 2, and A cross section of a typical radial turbine,
3 and from axial direction at stations indicating the flow stations pertinent to the loss-
4 and 5, deg model description, is shown in figure 1. The loss

ratio of specific heats model presented herein is primarily the loss model of
a ratio of inlet total pressure to U.S. reference 2 extended to account for the effects of the

standard sea-level pressure, Po,t/P* stator area-variation as well as the associated vane
specific-heat ratio correction, end-clearance. In addition, the incidence loss model

is changed for better agreement with the data. The
y*12/(y* + I)) 'Y/ ('Y" - I) stator, rotor, and incidence aspects of the loss model

y2/('y + 1)111/01 - I) are each discussed in the following sections.
momentum thickness, m; or squared ratio

of critical velocity at inlet to critical Stator Loss
velocity at U.S. standard sea- The stator loss model considers the vane-passage
level conditions, (Va. / o)2  flow, the clearance flow, and the mixing process,

71 efficiency which also includes the sudden increase in flow area

r p density, kg/m 3  at the trailing edge.
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Figure 1. -Cross section of radial turbine. CD-I1857-02

Passage flow.-The stator passage region is I-e3D-Q I7-1)

defined as the region between the vanes and PR = / 13)
extending the height (h-c) of the vanes. Since the (1- e-3D)(I (3)
vane exit angle is known from the turbine design
geometry, the vane-passage flow rate is and evaluating from the viscous loss equation of

reference 1.

wp =2a-ri (h-c)Bpi VI cosa (1)oil

The stator passage loss from station 0 to station I = EC(ot/I) r-Re/Reref)4 '2 (1/s) (A3D/AW)
is represented by a total-pressure ratio PR that is kept cos a - tlsHCO t Ir(ReReef)./s)
constant for any given stator setting angle over the (4)
operating ranges of speed and pressure ratio

where

PR =(2)

Iil E=2[(1/1.92) + (Q/3.2) + (Q2 /4.8) + (Q3/6.72)]

The change in stator total-pressure ratio with stator E= /.68) + (Q/2) + (Q2 /4.4)+ (Q3/6.2)

angle setting is obtained by expressing the stator
pressure ratio in terms of the kinetic energy loss
coefficient e3D (5)

_ (1/1.2) + (3Q/1.6) + (5Q 2/2.0) + (7Q 3 /2.4) + (9Q4/2.8)

(1/1.68) + (Q/2.88) + (Q2 /4.4) + (Q 3 /6.24) (6)

V_, (7) -0.03734 (8)
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The three-dimensional kinetic energy loss edges takes place even with no clearance flow.
coefficient #3D accounts for the profile and end-wall Mixing is assumed to occur at constant static pressure
viscous losses. For a given value of VI Vc,, the major with tangential momentum being conserved.

effect of varying the stator angle setting is the change For the mixing process, the total flow is the sum of
in flow area, which is represented primarily by the the passage and clearance flows
cosine term in the denominator of equation (3).
Equations (3) to (7) are evaluated at the design value
of VI Vcr, which is 0.618 for the stator of reference 3. w = wp + wc
For the design-rotor turbine of reference 3, closing
the stator vanes from 144 percent of design area
(stator exit angle of 64.7') to 20 percent of design =21rpI V, t(h-c)Bcosat,p+ccosa.c (12)
area (85.0') resulted in the stator total-pressure ratio
decreasing from 0.9902 to 0.9445.

Clearance flow.-In the absence of available
experimental data, a clearance-flow model is Conservation of tangential momentum between
proposed to account for stator end-clearance stations I and 2 yields
leakage. A clearance-flow region is defined as that
region extending from the ends of the stator vane to
the passage end walls (hub or tip end). It is the area VU. 2 = w V • + VU. 1C  (13)
unblocked by vanes and extending over the clearance W W

height c. This clearance-flow model results in
increased flow and decreased work, consistent with or
the experimental results of reference 4 for an axial
turbine with pivoted stator vanes, and is based on the
following assumptions: Vu.2 si

(1) The clearance flow expands to the same stator- 2 - (wp sin atp + wc sin aj~c) (14)
exit static pressure as the vane-passage flow.

(2) The clearance flow has the same total-pressure
loss as the vane-passage flow. The continuity equation

(3) Stator-inlet moment of tangential momentum
is conserved in the clearance flow.

From these assumptions, the velocities and P2 Vr.2 =  W
densities must be the same for both flows. Only the 21rr 2h (IS)
flow angle will differ. The clearance-flow exit angle is
determined from the conservation of moment of is solved iteratively with equation (14) for V,.2 to
tangential momentum. complete definition of the mixed flow at station 2. As

in reference 2, the station 3 conditions are obtained
ri Vu.1,c =r, Vt sin at,c=(rVu)o (9) from the station 2 conditions by assuming no loss

(constant total pressure) and conservation of
, moment of tangential momentum.

f(rVu)0 1 The predicted effects of end clearance on
at c=sin'-- l (10) performance can be seen from equations (12) and

Pot J (14). The clearance flow angle will generally be much
less than the passage flow angle. Therefore increased

Thus the clearance Dow rate is clearance will result in increased flow rate and
T l odecreased tangential velocity, which yields decreased

work.
wc=21rricp1 VI cos a ,c (11)

Rotor Loss

Mixing.-The mixing process that takes place In the loss model of reference 2, the rotor loss is
between stations I and 2, which are assumed to be at calculated by
the same radius, includes the mixing of the passage
and clearance flows, as well as the expansion of the
mixed flow as it fills the space behind the vane LR W cos2 ,3+ W 2

trailing edges. The expansion behind the trailing 2 (16)

4,

.. .4. . . . . .. . . ln , -.. . . . 11 i l i. . . . . n , , ..



1|

where the rotor loss coefficient K is maintained reduce rotor exit area to 53 percent of design area
constant over the operating ranges of pressure ratio and one with the exducer cut back to increase rotor
and speed. The rotor loss LR represents all losses in exit area to 137 percent of design area-were tested
the rotor except incidence loss. This includes the with stators having throat areas of 144, 125, 100, 66,
three-dimensional viscous loss, the disk friction loss 42, and 20 percent of the design value. All stators
on the back face of the rotor, the loss due to were fixed and thus had no vane end-clearance
clearance between the rotor and the outer casing, and leakage. All configurations used the same vane
the wake mixing loss. A variation in rotor loss profile, but each used a different number of vanes
coefficient with stator area is expected because of and setting angles to achieve the desired flow areas.
changes in rotor reaction. In this report, such a The number of vanes and angles for each
variation is obtained by using the off-design configuration are shown in table 1. All tests were
performance computer program of reference 2 to conducted at equivalent design speed over a range of
determine the values of rotor loss coefficient that pressure ratios. The data for the design rotor were
caused the calculated total efficiency to match the used to determine the variation in rotor loss
test data of reference 3. coefficient with stator area. The data for the

In reference 3, a design rotor and two modified extended and cutback rotors were used to test the
rotors (fig. 2)-one with the exducer extended to developed correlation.

(a) Design rotor. (b Rotor with exducer extension.

I -r
(C Cu~ick rotor.

Figure 2. - Rotor configurations.



TABLE I.- SUMMARY OF GEOMETRIC DATA AND For each stator tested with the design rotor,
turbine efficiency at zero incidence angle (with

LOSS COEFFICIENTS FOR DESIGN, EXTENDED, respect to the optimum rotor-inlet flow angle) was
calculated by the computer program of reference 2

AND CUTBACK ROTOR CONFIGURATIONS over a range of rotor loss coefficient values. These

(a) Design rotor configurations. Rotor-exit flow results are presented in figure 3. Indicated on each

angle, P4, -56.86°" curve is the zero-incidence value of experimental
total efficiency. The loss coefficients associated with

Stator Number Stator- Stator Rotor the marked points in figure 3 are divided by the
throat of exit flow total- toss lowest value (0.18 for both 144 and 125 percent stator
area, stator angle, pressure coefficient, throat area) and plotted against stator-to-rotor

percent vanes al, ratio, K throat area ratio, which is selected as the correlating

of design deg PR parameter because it reflects turbine reaction and can
be evaluated directly from turbine geometry. This

144 13 64.70 0.9902 0.180 generalized relationship, as shown in figure 4, yields
125 13 68.00 .9880 .180 a smooth correlation curve. The stator-to-rotor area
100 13 72.47 .9866 .220 ratio AR is defined by

66 15 77.75 .9823 .410
42 17 81.38 .9702 1.200 AR= A cosa(
20 17 85.00 .9447 9.250 A4 COSI 4  (17)

0o) Extended rotor configurations. Rotor--exit flow() E 4n r oc i a s o As shown in figure 4, the rotor loss coefficientangte, 4 -72.560 remains constant for area ratios above about 0.6. As

100 13 72.47 0.9927 0.180 area ratio decreases below 0.5, the rotor loss
66 [ 15 77.75 I .9854 .180 coefficient increases rapidly. This trend appears to be
42 17 81.38 .9699 .280 consistent with calculated rotor flow characteristics.
20 I 17 85.00 I .9450 4.250 Shown in figure 5 for the six stator areas are the

S_ .design rotor-hub loading diagrams reproduced from

(c) Cutback rotor configurations. Rotor-exit flow reference 3. For stator areas of 100 percent (about
angle, 94, -42.070. 0.5 stator-to-rotor exit area ratio) and larger, all

velocities are positive and the free-stream velocity
144 [ 13 64.70 0.9882 0.210 1 levels indicate a significant acceleration across the
125 13 68.00 .9878 .250 rotor. As stator area decreases below 100 percent,
100 13 72.47 j .9864 .360 areas of negative velocity (implying separation)

become larger and rotor overall flow acceleration
rapidly decreases. At 42 percent area there is an

Stator throat area,
percent of design

1251 66

', .9- 42
o 720

02i ' ~.7 - -'-

. 0 Experimental efficiency at zero incidence

6 . I 1 I [1 1 1 1 1
0 .2 .4 .6 .8 1.0 1.2 1.4 6 8 10 12

Rotor loss coefficient. K

Figure 3. - Total efficiency as function of rotor loss coefficient - design rotor.
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10T  overall deceleration; at 20 percent area the entire
rotor hub exit flow is calculated to be negative.

9

Incidence Loss
8 Stator throat area.

design In the loss model of reference 2, the incidence loss
was expressed as

262 n" LIN W 2 sin i

o4- where the exponent n was determined to be 2 for
Z negative incidence and 3 for positive incidence. The

3- incidence angle is defined with reference to the
66 optimum rotor-inlet flow angle as

2 - 100 125 144

1 125 i3 = 03 - 3opt (19)

(I I I ] ] ) I
.2 .3 .4 .5 .6 .7 .8 .9 1.0 During this analysis it became evident that the

Stator-to-rotor throat area ratio, AR foregoing loss equation was not entirely consistent

Figure 4. - Rotor relative loss coefficient as function of with the reference 3 data in the region of negative
stator-to-rotor throat area ratio, incidence. Examination of the experimental

.4-

.2

.0

(> (a) 20 percent stator throat (b) 42 percent stator throat 1c) 66 percent stator throat

area. area. area.

S.6

S.4

0 .4 .8 1.2 0 .4 .8 1.2 0 .4 .8 1.2
Fractional distance along meridional streamline

Id) 100 percent stator throat e) 125 percent stator throat (f) 144 percent stator throat
area. a rea. a rea.

Figure 5. - Blade surface velocities at equivalent design speed and pressure ratio - design-
rotor hub section. (From ref. 3.1
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performance maps (shown in ref. 2) used to derive Design Rotor
the incidence loss exponents showed very limited data
in the negative incidence region. Those data were The experimental data for the design rotor with the
therefore not very definitive for purposes of six stators (144, 125, 100, 66, 42, and 20 percent
modeling the negative incidence loss, design throat area) were used as the data base for theThe experimental results (ref. 3) being ayzed variation in rotor loss coefficient with stator area, as
herein provided a much better data base, both in well as for the modified incidence loss model. Figures
amount of data and range of incidence angle, for 7, 8, and 9 present the overall comparisons between

modeling incidence loss. To obtain a continuous calculated and experimental mass flow rate, total

variation in incidence loss with exponent n at negative efficiency, and static efficiency, respectively, at

incidence angles, the equation for incidence loss used constant design speed. The zero-incidence match

herein was changed to that used in reference 5. points are indicated in figure 8. Overall agreement
between analysis and experiment is good to excellent,
with the exception of the 20-percent-area ca.. This

LN = W3(1 - cos i 3) (20) demonstrates the applicability of the incidence loss
2 model over a wide range of incidence angle, which

varied from about -40* to 90* for these data. For 20

The effect of the incidence exponent n on calculated percent stator area, the indicated extensive flow

efficiency is shown in figure 6. The best overall separation (fig. 5) would cause the actual flow angle

match between analysis and experiment, based on all at the rotor exit to deviate substantially from the

six stators with the design rotor, was obtained with
an exponent n of 2.5 for negative incidence and 1.75
for positive incidence. This result is different from Stator throata rea,
results for axial turbines, where losses at positive percent Of
incidence are usually more severe (higher exponent) design
than losses at comparable negative incidence (ref. 5). & 144
This difference is probably due to the very large slip o 125

angles for radial turbines. The modified incidence 0 100
loss model provided as good an analytical match of 0 66 Test results

the reference 2 data base as did the original incidence o 42

model.0 
20

m 36 -- Analytical results

Loss-Model Evaluation .32_

In this section, turbine overall performance
calculated by using the developed loss model is .28-

compared with the experimental performance data
from the design rotor and the modified rotors of -. 24
reference 3. Also, the effects of stator vane end-
clearance as calculated by the loss model are
presented. 

20

.16
.95 - Positive Negative C

incidence incidence
,Incidence. .12• 90 0 " L  Iexponent,

.90 / -0 un. .8-

is . 3.0 2.0 1.0 .5 .04 _ ,

.50 .55 .60 .65 .70 .75 .80 0 __j

Specific speed. Ns  1. 2 1. 4 1.6 1.8 2. 0 2.2 2. 4
p te n tRatio of equivalent inlet total to exit static

Figure 6. - Calculated total efficiency as function of inci- pressure, IP0.JPs)
8 dence exponent and specific speed -design stator and

i rotor. Figure 7. - Design-rotor mass flow as function of
pressure ratio.



Stator throat rotor-exit blade angle and would thus result in the
area. analysis not matching the experimental trend of the

percent of efficiency data.
design

A 144
12 125 Modified Rotors
0 66 Test results The experimental tests of reference 3 were also

o 42 conducted with a cutback rotor exducer and an
o 20 extended rotor exducer having throat areas of 137

Analytical results and 53 percent, respectively, of the design rotor area.
f Zero- The cutback rotor was -tested with stators

1.0 incidence corresponding to 144, 125, and 100 percent of the
match points design-stator throat area, and the extended rotor was

9-g tested with stators corresponding to 100, 66, 42, and
20 percent of the design-stator throat area.

The developed loss model was used to predict the
• .8- results of the cutback- and extended-rotor tests. The

loss coefficients used for the prediction are shown in
table I. They were obtained from figure 4. Figures

7 10, 11, and 12 show equivalent mass flow, total
efficiency, and static efficiency, respectively, for the

.2 3 4 .5 .6 8 cutback rotor. Figures 13, 14, and 15 show the same
Specificspeed, N, information for the extended rotor. In general the

agreement between experiment and analysis is
Figure 8. - Turbine total efficiency as function of spe- satisfactory to excellent with regard to both level and

cific speed - design rotor trend. For the same reasons as discussed for the
design rotor, the experimental and analytical

Stator throat

area,

Stator throat percent of
area, design

percent of A 144
design 0 125 Test results

A 144 0 100,1
o 125[ - Analytical results predicted from
0 100 Test results design-rotor correlation
0 42 

.36
O 20

- Analytical results - 32

.9 00

.8 8

7 E

1 L __! I .8 .16'I /.5 -1.2 1.4 1.6 1.8 2.0 2.2

2 .3 .4 .5 .6 .7 .8 Ratio of equivalent inlet total to exit static
Specific speed. Ns  pressure. P0,1 5Ps

)

Figure 9. - irbine static efficiency as function of spe- Figure 10. - Mass flow as function of pressure
cgfic speed - desn rotor. ratio - cutback rotor.

9



Stator throat Stator throat

area, area,
percent of 

percent of

design design
A 144 0 106

1 125 Test results 0 66 Test results

1.0- 0 100) 0
- Analytical results predicted from - Analytical results predicted from

design-rotor correlation
design -rotor correlat ion

.9 .20-

5

5 .6 ,7 . .
Specific speed, Ns

Figure 11. - Turbine total efficiency as function of spe- _ .10
cific speed - cutback rotor.

E
C

6.05-

Stator throat
area,

percent of I I
design 1.2 1.4 1.6 1.8 2.0 2.2 2.4

A 144 ') Ratio of equivalent inlet total to exit static
] 125) Test results pressure. 

(
POt'P5,s1

O A y l p Figure 13. - Mass flow as function of pressure ratio -

9 - Analytical results predicted from extended rotor.
design-rotor correlation

C ' 0 ^Stator throat~area,
.8 percent of

design

0 100

0 6 Test results.7 _j 42I)

.5 .6 .7 .8 .9 1. 0- 20
Specific speed, N - Analytical results predicted from

Figure 12. - Turbine static efficiency as function of spe- design-rotor correlation
cific speed - cutback rotor.

efficiency trends for the 20 percent stator area do not
match as well as those for the other stators. The 0
overall good agreement for the extended and cutback
rotors substantiates the validity of the derived . .a

correlation of rotor loss coefficient with stator-to-
rotor throat area ratio.

* Stator Clearance

All data of reference 3 were taken with fixed
stators having no vane end-clearance, and a direct 6 I
comparison between analytical and experimental . 2 .3 .4 .5 .6
results for stator vane end-clearance leakage is thus Specific speed, Ns
not possible. The described clearance-flow model Figure 14. - Turbine total efficiency as function of spe-

was used to predict turbine performance for the cific speed - extended rotor.

1to



Stator throat 1.30
area.

percent of
design .

0 qf} 1. 25
66 ,

O 42 Test results
1.0 - 20 J

0 1 ? 1.20-
Analytical results predicted from V

design-rotor correlation 05

15.9 - 1.15

E

-s1.10-.8 Clearance.

percent of
.7.105 hih

71 5

10 Io I 1

40 60 80 10 120 140 160
.6 Stator throat area, percent of design

Specific speed, N, Figure 16. - Mass flow as function of stator throat area
and clearance - design rotor at constant pressure

Figure 15. - Turbine static efficiency as function of ratio.
specific speed - extended rotor.

design rotor with various stator vane end-clearances. Clearance,
For all calculations with stator vane end-clearance, perarnt o
the stator total-pressure ratio PR and the rotor loss passage o
coefficient K were assumed to be equal to the no- 1.00- hight
clearance values.

The calculated effect of stator vane end-clearance 3
on mass flow at a constant turbine pressure ratio over
a range of stator areas is shown in figure 16. These -
results are independent of turbine pressure ratio. For
a given stator clearance, the mass flow ratio increases ,
rapidly with decreasing stator area. This occurs go-
because the clearance flow becomes a larger portion !.
of the total flow as the passage area decreases. As ,
stator clearance is increased at a fixed stator area, the o - .85
mass flow increases at a rate nearly linear withclearance.

The calculated effect of stator clearance on total . .80
efficiency at constant turbine pressure ratio over a
range of stator areas is shown in figure 17. These
results vary only slightly with turbine pressure ratio.
For a given stator clearance, the efficiency penalty .2
due to the clearance flow becomes significantly larger
as stator area decreases. This occurs primarily as a
result of the greater loss in tangential momentum as 40 60 80 100 120 140 160
clearance flow becomes a larger part of the total Stator throat area. percent of design
flow. As stator clearance is increased at a fixed stator Figure 17. - Total efficiency as function of stator throt
area, the efficiency penalty increases at a rate nearly area and clearance - design rotor at constant pressure
linear with clearance. ratio.

- ,m L _ " @ .,. .. . . ...

A ' . . . . I -- lm ll ii. . i ii i m l b I . .. . II I . .. . .. . ll .. ..



Summary of Results incidence model over a wide incidence range, in this
case from about -40" to 90". For the 20 percent stator

An off-design performance loss model for a radial throat area, where analysis indicated extensive rotor
turbine with pivoting, variable-area stators was flow separation, the calculated efficiency trend did
developed through a combination of analytical not match the experimental data.
modeling and analysis of experimental data. A 3. Comparison of calculated flows and efficiencies
viscous loss model is used for the variation in stator for the extended exducer (53 percent throat area) and
loss with setting angle. Stator vane end-clearance cutback exducer (137 percent throat area) versions of
leakage effects are predicted by a clearance-flow the rotor showed generally good agreement except,
model. Rotor loss coefficients were obtained for a again, for the 20 percent stator area. This good
turbine rotor previously tested (at constant speed) agreement substantiates the validity of the derived
with six stators having throat areas from 20 to 144 correlation of rotor loss coefficient with stator-to-
percent of design area. For each of these six rotor throat area ratio.
configurations, an off-design performance analysis 4. The stator vane end-clearante leakage model
was made to determine the value of rotor loss predicts increasing mass flow and decreasing
coefficient that caused the calculated total efficiency efficiency as a result of vane end-clearances. These
of the zero-incidence operating point to match the changes become significantly larger with decreasing
experimental value. An incidence loss model was stator area and vary alm ,early with clearance.
selected to obtain best agreement with experimental
data. The predicted turbine performance is compared
with experimental results for the design rotor as well Lewis Research Center,
as for versions of the rotor having extended and National Aeronautics and Space Administration,
cutback exducers. Sample calculations were made to Cleveland, Ohio, May 16, 1980,
show the effects of stator vane end-clearance 505-32.
leakage. The major results of these analyses are as
follows:

1. The six rotor loss coefficients obtained by References
analysis from the experimental data provided a
smooth curve when plotted against stator-to-rotor 1. Glassman, Arthur J.: Computer Program for Design Analysis
throat area ratio. For area ratios above 0.6, rotor loss of Radial-Inflow Turbines. NASA TN D-8164, 1976.
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